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Within an improved transport model, we examine effects of the high momentum tail of the nucleon
momentum distribution induced by short-range correlations on the proton-proton momentum cor-
relation function in 197Au+197Au collisions at 400 MeV/nucleon. It is found that the proton-proton
momentum correlation function from preequilibrium emissions responds sensitively to the presence
as well as fraction of nucleons in the high momentum tail of the nucleon momentum distribution, but
is almost robustly insensitive to other factors including the symmetry energy and the uncertainty
of cutoff value of nucleon effective high momentum. In terms of the sensitivity and clearness, we
propose that the proton-proton momentum correlation function from preequilibrium emissions can
be as an effective probe of the high momentum tail of the nucleon momentum distribution.
I. INTRODUCTION
The momentum distribution of nucleons in a nuclear
system, as a direct reflection of strong interactions, has
always been a fascinating topic in nuclear physics [1–
6]. Qualitatively, some consensuses on the nucleon mo-
mentum distribution (NMD) have been reached, i.e., a
large proportion of nucleons occupy the low-lying nuclear
states with the momentum no more than Fermi momen-
tum kF , while the rest minority of nucleons form a high
momentum tail (HMT) in the NMD due to short-range
correlations (SRCs) [3, 4]. Experimentally, the knock-out
reactions [7–11] have also confirmed that nucleons in the
HMT are short-range correlated. Moreover, the np dom-
inance of SRCs is further found through measurements
of relative abundances of np, nn and pp pairs in nuclei
from 12C to 208Pb in high energy electron scattering ex-
periments at Jefferson Laboratory (JLab) [12–14]. Theo-
retically, the dominance of np over pp pairs is attributed
to the existence of tensor forces in the np deuteron-like
state [15, 16], and this is also confirmed by experimental
analysis findings [17] and theoretical calculations using
various Monte Carlo method [18, 19]. Quantitatively,
the experimental results at JLab suggest that about 20%
nucleons are in the HMT in a nucleus from 12C [12] even
to 208Pb [13, 20]. Also, the systematic analyses of these
results at JLab indicate that the fraction of nucleons in
the HMT is about 25% in the symmetric nuclear matter
(SNM) at the saturation density ρ0 [13, 21, 22], however,
the theoretical calculations using various many-body the-
ories become to deviate significantly from this fraction for
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the HMT in the SNM at ρ0, see, e.g., Refs [23, 24] for
more details.
The momentum correlation function (MCF) of
nucleon-nucleon (NN) pairs is widely used to study par-
ticle emissions and collision dynamics as well as anoma-
lous structures of the halo nuclei [25–42]. Of partic-
ular interest, authors in Refs. [39, 40] and [41] employ-
ing the Boltzmann-Uehling-Uhlenbeck (BUU) model and
Quantum-Molecular-Dynamics (QMD) model, respec-
tively, studied effects of the symmetry energy Esym(ρ) on
the MCF of NN pairs under various beam energies, they
found that the Esym(ρ) affects the MCF significantly in
light reaction systems; while with the reaction system
becoming heavier and/or the beam energy increasing,
effects of the Esym(ρ) on the MCF become negligible.
Moreover, consistent with the study in Ref. [29], they
found that the MCF of NN pairs, especially the proton-
proton (pp) pairs, is less influenced by the in-medium NN
cross sections. Stimulated by these studies, we demon-
strate in heavy reaction systems with high beam energies
that the MCF of pp pairs from preequilibrium emissions
can be as an effective probe to the HMT of the NMD
due to it responds sensitively to the presence as well as
fraction of nucleons in the HMT of the NMD but is al-
most insensitive to other factors including the Esym(ρ)
and the uncertainty of cutoff value of nucleon effective
high momentum.
II. THE MODEL
In this study, an isospin- and momentum-dependent
BUU transport model [43, 44] is used as the event gen-
erator. However, to obtain reliable phase-space informa-
tion after the last strong interaction, i.e., freeze-out, we
2have improved our model including the consideration of
the pion potential and the isospin-dependent ∆ poten-
tial [45] as well as fitting the high-momentum behaviors
of the nucleon optical potential extracted from nucleon-
nucleus scattering experiments [46, 47] and distinguish-
ing the density dependencies of the in-medium nn, pp
and np interactions [45, 48, 49]. Specifically, the nuclear
interaction [45, 48, 49] of this model is expressed as
U(ρ, δ, ~p, τ) = Au(x)
ρ−τ
ρ0
+Al(x)
ρτ
ρ0
+
B
2
(2ρτ
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)σ
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+
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and the corresponding parameters embedded in above
expression are in forms of
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]
.(3)
Here, the Esym(ρ) parameter x affects only the isovec-
tor properties of the asymmetric nuclear matter (ANM)
at nonsaturation densities. Generally, without the
consideration of correlations in a nuclear system, the
kinetic part of symmetry energy Ekinsym(ρ) is calcu-
lated from the free Fermi gas model as Ekinsym(ρ) =
8πp5f/9mh
3ρ≈12.5(ρ/ρ0)
2/3 with pf = ~(3π
2ρ/2)1/3, it
is however, under the consideration of SRCs, this expres-
sion should be modified because the Ekinsym(ρ) is reduced
significantly due to SRCs according to some solid evi-
dences from microscopic many-body theories [50–53] as
well as experimental analysis findings [13, 21, 54]. Actu-
ally, as indicated in Ref. [53], the reduction of Ekinsym(ρ) is
the only effect that we are able to identify as correlation-
driven, and thus can be utilized as the sole criterion
to incorporate the tensor force effects into nuclear ef-
fective interactions in a phenomenological manner. To
this end, we can readjust the parameters embedded in
nuclear interactions to phenomenologically incorporate
the tensor force effects into nuclear effective interactions
under the consideration of SRCs. In the actual read-
justment, considering that a large proportion of nucleons
are uncorrelated and only minority of nucleons are corre-
lated, therefore, it is suitable to assume that the Ekinsym(ρ)
also holds for the 2/3 regularity with respect to densi-
ties. Moreover, according to a microscopic Brueckner-
Hartree-Fock (BHF) calculation using the Av18 interac-
tions plus the Urbana IX three-body force [51, 52, 55],
the Esym(ρ) at ρ0 is almost completely contributed from
its potential part. It is therefore we use an expression
Ekinsym(ρ) = 12.5
[
(ρ/ρ0)
2/3 − 1
]
for the Ekinsym(ρ) to meet
these demands under the consideration of SRCs simi-
lar to previous studies [56]. Using empirical constraints
on properties of nuclear matter at ρ0 = 0.16 fm
−3, i.e.,
the isoscalar constraints on the SNM including the bind-
ing energy E0(ρ0) = −16 MeV, the incompressibility
K0 = 230 MeV, the isoscalar effective mass m
⋆
s = 0.7m,
the isoscalar potential at infinitely large nucleon momen-
tum U∞0 (ρ0) = 75 MeV, as well as the isovector con-
straints on the ANM including the Esym(ρ0) = 32.5 MeV
and the symmetry potential at infinitely large nucleon
momentum U∞sym(ρ0) = −30 MeV, we have fitted the
parameters embedded in nuclear interactions for the sce-
narios with and without SRCs, respectively. The values
of these parameters are shown in Table I, they are marked
as w/o HMT and with HMT, respectively. Moreover, for
the convenience of describing the Esym(ρ) using the pa-
rameter x, we have also shown the corresponding slope
value L of Esym(ρ) at ρ0 in the bottom of Table I. It
needs to be emphasized that the uncertainty of Ekinsym(ρ)
as well as the total Esym(ρ) at nonsaturation densities
and thus our used expressions for them do not change
the results obtained in this paper due to the MCF of pp
pairs from preequilibrium emission is almost robustly in-
sensitive to the Esym(ρ) in the studied reaction system
as shown in the following parts.
TABLE I: The parameters used in the present study and the
corresponding L of Esym(ρ) at ρ0=0.16 fm
−3.
parameters w/o HMT with HMT
Al0 (MeV) −96.963 −96.963
Au0 (MeV) −36.963 −36.963
Cl (MeV) −40.820 −24.719
Cu (MeV) −119.368 −135.469
B (MeV) 141.963 141.963
σ 1.2652 1.2652
Λ/pf 2.424 2.424
L(x = −1) (MeV) 149.309 181.183
L(x = 0) (MeV) 88.654 120.528
L(x = 1) (MeV) 27.999 59.872
L(x = 2) (MeV) −32.657 −0.783
For the specific form of the HMT, we use the 1/k4 dis-
tribution that has been confirmed in nuclei from 12C to
208Pb at JLab by the CLAS Collaboration [13, 20]; while
for the attainable maximum momentum of nucleons in
the HMT, we use the form kmax=λkF , where the param-
eter λ=2.75±0.25 is the cutoff value of nucleon effective
high momentum suggested by the experimental analysis
findings [21]. Except for specific illustrations, we will
take the value 2.75 for the λ parameter due to the MCF
of pp pairs is also robustly unchanged to the varies of the
λ parameter in the allowed range as shown in the follow-
ing parts. In the actual initialization of 197Au nuclei, we
also consider the isospin dependence for these high mo-
mentum nucleons. To this end, according to the recent
experimental findings [20] about the isospin dependence
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FIG. 1: (Color online) Momentum distributions of a proton
and neutron weighted by their respective fraction xP = Z/A
and xN = (A − Z)/A in the initial
197Au nucleus without
and with 12% as well as 24% high momentum nucleons in the
HMT, and the corresponding distributions labeled as EBHF
are obtained from Ref. [60] using the local-density approxima-
tion. The normalization condition
∫
∞
0
4pik2nJkdk=1 is used.
of the high-momentum fraction for nucleons in neutron-
rich nuclei, we adopt a relative fraction N/Z for protons
and approximate 1 for neutrons to initialize the high mo-
mentum nucleons. To compare effects of the fraction of
nucleons in the HMT on the MCF, we take two values
for the fraction of nucleons in the HMT to initialize the
197Au nuclei. First, we assume that 20% of 118 neutrons
in 197Au (i.e., 23.6 neutrons) have high initial momen-
tum, then 20%×118/79≈29.87% of 79 protons (i.e., 23.6
protons) in 197Au also have high initial momentum, this
yields a value 47.2/197≈24% for the fraction of nucleons
in the HMT, and a value 5.99 for the SRC scaling fac-
tor, i.e., a2(A) which is independent of the momentum
and is the probability of finding a high momentum pn
pair in nucleus A relative to the deuterium [5, 6, 19, 57–
59]. As the second case, we assume that 10% of 118
neutrons in 197Au (i.e., 11.8 neutrons) and the corre-
sponding 10%×118/79≈14.94% of 79 protons (i.e., 11.8
protons) have high initial momentum, yielding a value
23.6/197≈12% for the fraction of nucleons in the HMT
and a value 2.99 for the SRC scaling factor1 [5, 6, 19, 57–
1 The high momentum region from 300 to 600 MeV/c for the
197Au nucleus is used to estimate the SRC scaling factor a2 in
this study, and the corresponding SRC probabilities used for the
deuteron is about 4% [21]. For case of 24% high momentum
nucleons in the 197Au nucleus, the estimated value 5.99 of a2
is within the predicted range 6.19±0.65 in Ref. [66], while for
the case of 12% high momentum nucelons in the 197Au nucleus,
which is only a reference to compare effects of the fraction of
nucleons in the HMT on the MCF, the estimated value 2.99 of
59]. Obviously, the equal number of protons and neu-
trons with high momentum can ensure the np dominance
of SRCs in the HMT. Also, from the outputted momen-
tum distribution of a proton and neutron weighted by
their respective fraction xP = Z/A and xN = (A−Z)/A
as shown in panels (a) and (b) of Fig. 1, we can observe
that the probabilities of finding the high momentum pro-
ton and neutron are approximate equal in the momentum
range 250-600 MeV/c, i.e., xP ·n
P
k = xN ·n
N
k in the range
of k from 1.26 to 3.05 fm−1 due to in this momentum re-
gion the tensor interaction dominates in nuclei [12, 17].
In fact, this is exactly the first new property for high-
momentum distribution of nucleons in neutron-rich nu-
clei indicated in Ref. [58]. Certainly, one can also see
that the neutron momentum distribution dominates the
proton momentum distribution below the kF , reflecting
a fact that the probabilities of finding the neutron are
larger than the proton because of more neutrons than
protons are in this momentum region. Shown in panels
(c) and (d) of Fig. 1 are the proton and neutron mo-
mentum distributions without and with 12% as well as
24% high momentum nucleons in the HMT, respectively.
As comparisons, a parameterized isospin-dependent sin-
gle NMD for the isospin ANM calculated from the ex-
tended BHF (EBHF) calculations [60] is also used to ini-
tialize the 197Au nucleus using the local-density approxi-
mation [61, 62], it is seen that the corresponding momen-
tum distributions under setting maximummomentum for
high momentum nucleons in the range from 1.5kF to 3kF
can approximately cover the range of our assumed NMD
for both protons and neutrons. Moreover, we can also
observe a low momentum depletion (LMD) below the kF
and a corresponding HMT above the kF in the NMD,
and as expected, this phenomenon is especially appar-
ent for the scenario using the fraction 24% for nucle-
ons in the HMT. Therefore, these differences of NMD
in 197Au+197Au collisions are expected to enter through
emission probabilities g(p, x) of nucleons with momen-
tum p from the space-time point x = (r, t) into the two-
nucleon MCF evaluated by the standard Koonin-Pratt
equation [63, 64],
C(P,q) =
∫
d4x1d
4x2g(P/2, x1)g(P/2, x2)|φ(q, r)|
2∫
d4x1g(P/2, x1)
∫
d4x2g(P/2, x2)
,
(4)
where P(= p1 + p2) and q(=
1
2
(p1 − p2)) are the total
and relative momenta of nucleon pairs, respectively; and
φ(q, r) is the two-nucleon relative wave function where
their relative position is r = (r2−r1)−
1
2
(v1+v2)(t2−t1).
a2 is naturally far less than 6.19±0.65.
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FIG. 2: (Color online) Average proton emission time (p.e.t) and proton emission rate (p.e.r), and MCF of pp pairs (CPP)
without and with the SRCs, respectively.
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FIG. 3: (Color online) The same as Fig. 2 but using two values for the λ parameter, i.e., 2.50 and 3.00.
III. RESULTS AND DISCUSSIONS
Statically understanding, the presence of HMT and
thus SRCs in the initial colliding nuclei, naturally, will
lead to a reduction of correlation emissions of the pp pairs
in the initial compression stage. As a result, compared to
case without SRCs in the initial colliding nuclei, the MCF
of pp pairs evaluated from early emissions is expected to
reduce in scenarios with SRCs. Indeed, as shown in panel
(c) of Fig. 2, this can be confirmed by comparing the
corresponding MCF of pp pairs with momentum per pro-
ton above about 600 MeV/c, which is calculated using
the Pratt’s correlation after burner (CRAB) code [65]
from the target in 197Au+197Au collisions. Moreover,
the larger fraction of high momentum nucleons in the
initial colliding nuclei can cause the smaller probabili-
ties of correlation emissions of the pp pairs and thus the
smaller values for the corresponding MCF of the pp pairs
in this period. However, the correlation between nucle-
ons is dynamical during reactions, it is therefore we show
in panels (a) and (b) of Fig. 2 a global scene of average
emission time and emission rate for all protons from the
target in 197Au+197Au collisions. Obviously, the aver-
age emission time of protons with momentum p greater
than about 600 MeV/c is rather sensitive to the presence
as well as fraction of nucleons in the HMT as shown in
panel (a) of Fig. 2, i.e., compared to cases without and/or
with fewer nucleons in the HMT, the case with more nu-
cleons in the HMT gets these protons earlier emission
due to the larger pressure generated in colliding region
by more high momentum nucleons as well as their vio-
lent collisions. Also, more nucleons in the HMT lead to
more protons emitting in this period, this can also be
confirmed by comparing the corresponding average emis-
sion rate before the moment about 27 fm/c as shown in
panel (b) of Fig. 2. Actually, at the early compression
stage, as the projectile starts to approach and then grad-
ually compresses the target, nucleons in target especially
those in the HMT will have the larger probabilities to be
accelerated into the region with momentum greater than
about 600 MeV/c, this is the reason why we see in panel
(b) of Fig. 2 the larger emission rate before the moment
about 27 fm/c in collisions with more nucleons in the
HMT. Certainly, with the emissions of more high momen-
tum nucleons in collisions with SRCs at the early com-
pression stage, the unemitted nucleons in collisions with
SRCs are naturally less than those in collisions without
SRCs. As a result, for the later compression and expan-
sion stages, the average emission rate in collisions with
SRCs will be less than that in collisions without SRCs.
5Indeed, for the subsequent emissions of the protons, this
can be confirmed by the smaller emission rate after the
moment about 27 fm/c with more nucleons in the HMT
as shown in panel (b) of Fig. 2. Nevertheless, it should be
mentioned that the nucleon average emission time at the
later compression and expansion stages is not obviously
different in these two scenarios due to these unemitted
nucleons are almost from the Fermi sea and thus approx-
imately have identical average momentum. On the other
hand, while we have readjusted the interaction used for
the scenario with SRCs according to the sole criterion of
correlation-driven as aforementioned, this is carried out
phenomenologically at the level of the mean-field, and
thus the off-shell effects of short-range correlated nucle-
ons are not considered properly. Naturally, this interac-
tion does not work well to directly derive the formation
of correlation pairs during reactions. On the contrary,
through comparing the MCF of pp pairs with momen-
tum per proton above about 600 MeV/c with that below
about 600 MeV/c, we can find that the initial correlation
effects dominate the degree of correlation emissions of the
pp pairs. In other words, the observed decrease of MCF
of the pp pairs with momentum per proton above about
600 MeV/c (i.e., preequilibrium emissions) in scenarios
with SRCs is mainly a direct reflection of the depletion
of nuclear Fermi sea of initial colliding nuclei. Naturally,
as the second-order effects of initial correlation, the MCF
of pp pairs with momentum per proton below about 600
MeV/c does not respond as sensitively to the presence
as well as fraction of nucleons in the HMT as that above
about 600 MeV/c does as shown in panel (c) of Fig. 2.
As far as the uncertainty of cutoff value λ of nucleon
effective high momentum, we can fix the fraction of nu-
cleons in the HMT under the consideration of SRCs, and
then check the sensitivity of the MCF to the λ parameter
in the allowed range. To this end, we set the fraction of
nucleons in the HMT as 24%, and take two values for the
λ parameter, i.e., 2.50 and 3.00 in calculations. Shown
in panels (a) and (b) of Fig. 3 are the corresponding
average emission time and emission rate for all protons
from the target in scenarios with and without SRCs. It
is seen that setting λ a larger value gets the nucleons in
the HMT to have the higher initial momentum, and thus
causes the earlier emission of the preequilibrium protons.
Nevertheless, these more earlier emission does not affect
the proton emission rate at both compression and ex-
pansion stages. Naturally, the uncertainty of cutoff value
of nucleon effective high momentum does not affect the
MCF of pp pairs in probing the fraction of nucleons in
the HMT as shown in panel (c) of Fig. 3. These results
also imply that the emission rate plays an important role
in determining the degree of correlation emissions. More
importantly, it is seen that the nucleon emission rate be-
fore and even at the moment about 15 fm/c is not more
than 2.5%, this level of stability of the ground state is
good enough for the statistical results obtained here.
Certainly, before regarding the MCF of pp pairs from
preequilibrium emissions as an effective probe to the frac-
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FIG. 5: (Color online) MCF of the preequilibrium pp pairs
(CPP) with and without SRCs, respectively.
tion of nucleons in the HMT of the NMD, we still need to
check the response of this observable to the Esym(ρ) be-
cause all the results are obtained from calculations using
a specific Esym(ρ) with the parameter x=1. To this end,
we show in Fig. 4 the average emission time and emis-
sion rate for all protons from the target in 197Au+197Au
collisions using a stiff Esym(ρ) with x = −1 and a soft
one with x = 1. It is seen that the Esym(ρ) does not
affect both the average emission time and emission rate.
Naturally, the corresponding MCF of pp pairs evaluated
from preequilibrium emissions is almost insensitive to the
Esym(ρ) as shown in Fig. 5. In fact, just as indicated in
Refs. [40, 41], with the reaction system becoming heavier
and/or the beam energy increasing, effects of the Esym(ρ)
on two-nucleon MCF become negligible. Therefore, it is
not surprising to see that the Esym(ρ) does not affect
the MCF of pp pairs in 197Au+197Au collisions at 400
MeV/nucleon. Moreover, to clearly show sensitivities of
the MCF of pp pairs to the presence as well as fraction of
nucleons in the HMT, we have also shown in Fig. 6 the
peak values of the MCF of pp pairs in scenarios with and
without SRCs, in which the Esym(ρ) is set in a broader
range with x from −1 to 2. It is obvious to see that
the peak values of the MCF are rather sensitive to the
presence as well as fraction of nucleons in the HMT, but
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1.3
1.4
1.5
1.6
1.7
p  600 MeV/c
197Au-Target, b=0-2 fm, E= 400 AMeV
 w/o HMT,  HMT-12%,  HMT-24%
C
pp
(q
=2
0M
eV
/c
)
X
FIG. 6: (Color online) The peak values of the MCF of pp pairs
from preequilibrium emission as a function of the Esym(ρ)
with and without SRCs, respectively.
are almost insensitive to the Esym(ρ). In terms of the
sensitivity and clearness, it is therefore we suggest the
MCF of pp pairs from preequilibrium emissions as an ef-
fective probe to the fraction of nucleons in the HMT of
the NMD.
IV. SUMMARY
In conclusion, we have studied effects of the presence
as well as fraction of nucleons of the HMT in the NMD
on the MCF of pp pairs within an improved transport
model. It is shown that the presence as well as fraction
of nucleons of the HMT in the initial NMD can lead to
an appreciable reduction of correlation emissions of the
preequilibrium pp pairs. Moreover, the larger value of
the fraction of nucleons in the HMT causes the smaller
probabilities of correlation emissions of the preequilib-
rium pp pairs. On the other hand, it is shown that the
MCF of pp pairs from preequilibrium emissions is almost
robustly insensitive to the stiffness of Esym(ρ) as well as
the uncertainty of cutoff value of nucleon effective high
momentum. In terms of the sensitivity and clearness, we
suggest the MCF of pp pairs from preequilibrium emis-
sions as an effective probe to the fraction of nucleons of
the HMT in the NMD.
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